Abstract
Introduction
Generation and characterization of Pgr mutant lines have been described previously [9] . The
82
WT zebrafish used in this study was a Tübingen strain initially obtained from the Zebrafish
83
International Resource Center and propagated in our lab according to the following procedure.
84
Fish were kept at constant water temperature (28 0 C), a photoperiod of 14hrs of light with 10 hrs 85 of dark (lights on 9:00, lights off at 23:00), pH at 7.2, and salinity conductivity from 500-1200 μS 86 in automatically controlled zebrafish rearing systems (Aquatic Habitats Z-Hab Duo systems,
87
Florida, USA). Fish were fed three times daily to satiation with a commercial food (Otohime B2,
88
Reed Mariculture, CA, USA) containing high protein content and supplemented with newly switched on and the middle divider was removed from these well-fed and individually housed fish.
107
To obtain pre-ovulatory oocytes, ovaries were removed within an hour before the lights turned on 2.9mM KCl, 1.8mM CaCl2, 5mM HEPES, pH 7.2) and examined under a dissecting microscope.
111
Ovaries containing healthy pre-ovulatory follicles that had a translucent appearance, indicating the 112 completion of oocyte maturation and proximal to ovulation, were selected ( peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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RNA isolation

Genome mapping and differential expression analysis
147
The quality control and adaptor trimming of raw FastQ files were performed using 148 Trim_Galore. Trimmed raw files were inspected using FastQC. The entire zebrafish genome 149 sequence (version GRCz10) was downloaded from Ensembl, and the alignment of sequence reads 150 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/069716 doi: bioRxiv preprint first posted online Aug. 15, 2016;  to the zebrafish genome was carried out using STAR aligner [11] . Binning of sequencing reads to 151 genes/exons was accomplished by HTseq-count, where reads with an alignment score of less than 152 10 were skipped [12] . DESeq2, a popular Bioconductor package with over 3000 citations, was 153 chosen to normalize the raw counts with respect to the gene length and sequencing depth as well 154 as identify differentially expressed genes [13] .
155
Validation of differential expression by quantitative real-time PCR (qPCR)
156 Twenty-three of the differentially expressed genes were selected, and their expressions were 157 further validated using traditional qPCR. Briefly, 250 ng of total RNA from a subset of samples 158 that were used for transcriptomic analysis, were reverse transcribed using SuperScript III Reverse
159
Transcriptase in a 10 μl reaction volume following the manufacturer's instructions (Invitrogen, 160 Carlsbad, CA). Specific PCR primer pairs (supplemental Table S1 ) for target genes were designed 161 as close as possible to stop codon to detect transcripts without five-prime caps, and spanning at 162 least two adjacent exons to avoid genomic DNA interference. Glyceraldehyde-3-phosphate 163 dehydrogenase (gapdhs) was chosen as an internal control for qPCR because gapdhs was 164 expressed evenly among all samples in RNA-Seq analysis. Absolute copy numbers of each 165 transcript were calculated from a standard curve generated from a serial dilution of plasmid DNA 166 with known concentrations [8] . Then, the expression of each transcript was normalized with 167 gapdhs and expressed as fold changes by comparing WT to knockout (log2 (WT/Pgr-KO)), since 168 genes important for ovulation would change significantly in WT, but would not be changed in Pgr-
169
KO.
170
Comparison of genes that are important for ovulation in human, mouse and zebrafish
171
Human (E-MTAB-2203) and mouse (GSE4260) [1, 3] transcriptomic data sets, that were 172 focused on differentially regulated genes in the follicular cells of preovulatory oocytes were 173 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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174
LHCGR and PGR, were both found in these two data sets. Therefore, both human and mice 175 samples contain granulosa cells, and are comparable to the follicular cells of zebrafish.
176
Multiple CEL data files that containing human transcripts were first imported into (Fig.4) . They also exhibited large differences in The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/069716 doi: bioRxiv preprint first posted online Aug. 15, 2016;  had more than an eight fold decrease in WT than in Pgr-KO (TABLE S4) . These results suggest 220 dramatic changes in gene expression, especially increase of expression was critical for ovulation 221 to proceed, which was also likely cause of variations among WT samples.
222
RNA-Seq results confirmed by qRT-PCR
223
The specificities of each PCR primer set used in qPCR was confirmed using a melting curve 224 analysis and by sequencing the PCR products. Similar differences were obtained in the gene 
227
Pgr is essential for regulating downstream targets that are important for ovulation 228 In total, 1,962 gene sets were enriched significantly (p≤0.05) when all up-regulated genes, i.e., regulated genes and 378 down-regulated genes in WT that are conserved (Fig.7) . The features of 260 these three datasets are summarized in Table 1 .
261
Enrichment analysis of the conserved 283 up-regulated or 378 down-regulated genes show 262 two distinct pathways (Fig.6 ). The first pathway was related to ovulation including angiogenesis, 263 cell migration, cytokine production, inflammatory response, MAPK/JNK cascade, and cell-264 specific apoptosis. The second was related to cell growth and proliferation, including DNA repair, 265 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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268
Representative genes and processes that may be important for ovulation 269 Some of the genes and processes conserved in our cross-species comparison (Fig.8) , or 270 suggested to be important for ovulation are highlighted below (Table. 2). were also expressed more in WT than Pgr-KO.
283
Vascularization. Genes involved in coagulation and angiogenesis including F3, F5 (coagulation 284 factors F3 and F5), and plasminogen activator inhibitor serpine1 (serine peptidase inhibitor clade 285 E member 1) were expressed significantly higher in WT compared to those in Pgr-KO. Notably, 286 the expression levels of rgs2 (regulator of G-protein signaling 2) encoding a member of GTPase 287 activating proteins, and nrp1 (neuropilin 1) encoding a protein that has been shown to interact with 288 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/069716 doi: bioRxiv preprint first posted online Aug. 15, 2016;  comparison of differentially regulated genes in the follicular cells of pre-ovulatory oocytes among 312 zebrafish, mice, and humans. Our analysis indicates that ovulation is involved in a large network 313 of approximately 3,000 genes, which is 11.5% of 26,000 available genes in zebrafish, all working 314 in concert in the follicular cells of pre-ovulatory zebrafish oocytes. The number of ovulation 315 related genes found in the zebrafish is about three times more than those reported in humans, but 316 only slightly more than those reported in mice (Table.1). One likely reason is that RNA-Seq is 317 much more sensitive than microarrays used in previous studies. Or, it is possible that we 318 overestimate the ovulation-related genes in zebrafish due to differences in gene expression that 319 may be present before ovulation occurs in Pgr knockout. It is impossible to predict which WT fish 320 will undergo ovulation unless they have completed final oocyte maturation (see Fig.1 
for detail).
321
Not all fish ovulate daily, so we did not collect follicular cells prior to maturation in current study 322 due to lacking a reliable marker to identify which fish will ovulate before the completion of oocyte 323 maturation in vivo. Therefore, it will be necessary to establish an ovulation assay in vitro and to 324 study gene expression during ovulation. Nevertheless, by comparing our data sets with mammalian 325 data sets we are able to show many conserved genes are related to ovulation and associated 326 signaling pathways are very similar whether using the entire set of differentially regulated 327 zebrafish genes or conserved "ovulatory" genes of fish, mouse, and human. These differentially 328 expressed genes activate signaling pathways and biological processes that are important for 329 ovulation to precede while also down regulating signaling pathways involved in growth and 330 proliferation prior to ovulation. The switch from a period of growth and proliferation to the 331 ovulation is important for follicular cell rupture and the process to proceed appropriately. These 332 ovulatory genes and signaling pathways are highly conserved among fish, mice and humans. 15, 2016; Therefore, as demonstrated herein and elsewhere, zebrafish offer an alternative model for studying 334 molecular mechanisms and biological processes that control ovulation.
335
As we noted at beginning, biological processes leading to the ovulation are quite different 336 between mammalian models and zebrafish model, mainly due to in vivo gestation in mammals in 337 comparison to external fertilization and development in zebrafish. We were surprised to find so 338 many conserved "ovulatory" genes as well as a significant number of non-conserved "ovulatory" 339 genes (Fig.7) . A large number of non-conserved "ovulatory" genes is likely due to difference in shown that Pgr directly regulates ptger4 in the pre-ovulatory follicles of medaka [7, 22] . In 
Vascularization
370
Vasodilation induced by LH in the pre-ovulatory ovary is required for increased vascular 371 permeability. This drives leukocytes to migrate from the blood vessels to the interior of the pre-372 ovulatory follicles to release multiple cytokines and elicit inflammatory reactions leading to 373 follicle wall breakdown [19] . The expression of rgs2, which shows the greatest increase during 374 ovulation in our RNA-Seq data (>100 fold), has been suggested to be essential for stabilizing blood 375 pressure via inhibition of Gq/11-mediated signaling in human cardiovascular system [26, 27] .
376
Evidence also suggests that Rgs2 expression can be stimulated by LH, but is attenuated by PGR 377 antagonist or PTGS2 inhibitor in the pre-ovulatory follicles of mice and bovine [28, 29] . It remains 378 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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418
In GON-1 mutants, the adult gonad is severely disorganized with no arm extension and no signaling, increased susceptibility to apoptosis and enhanced ovulation in mice [43] . We also found 433 that pten (a tumor suppressor) was highly expressed in the follicular cells of WT, and PI3K/Akt 434 signaling was enriched in up-regulated genes (Fig.6) . Similarly, tumor suppressor genes dab2ip 435 and foxo3 were expressed much higher in WT, which correlated to WNT signaling being enriched 436 in zebrafish. FOXO3 has been shown to inhibit WNT signaling and cancer development [44, 45] . The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/069716 doi: bioRxiv preprint first posted online Aug. 15, 2016;  and several ubiquitin related genes (ubb, ubc, uba52, ube2a, The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/069716 doi: bioRxiv preprint first posted online Aug. 15, 2016;  occurs prior to ovulation. The maturation process includes germinal vesicle break down (GVBD), 610 chromosome condensation, assembly of meiotic spindle, and formation of the first polar body.
611
Change in cytoplasm appearance of stage IV oocytes from opaque (in yellow) to transparent (in 612 light gray) is the most reliable indication that oocyte maturation is complete (from A1 to A2, or 613 B1 or B2) in zebrafish. Once ovulation is complete, these mature and transparent oocytes migrate 614 to the posterior of animal body (A2 to A3, and A4; or B2 to B3), ready to be released and fertilized 615 outside. These recurring tissue remodeling processes, including maturation and ovulation, happen 
652
Enrichment map for 1658 down-regulated genes in WT compared to those in Pgr-KO.
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